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Abstract 
This Thesis investigates the feasibility of .using stabilized petro
leum 
co.ntaminated soils as a construction material. The reuse cap
acities are 
predicted to·. be base or subbase course material in highway c
onstruction, 
embankment, structural filler an.d barrier material in other earthen
 structures. 
The critical parameters in design of these structures are th
e strength, 
. I 
... 
permeability; durability, compressibility and index propertie
s of the 
construction material. 
A laboratory testing program was conducted on artificially prepare
d fuel 
oil contaminated soil specimens. The specimens were mixed with lim
e, cement, 
fly ash, gypsum _and attapulgite clay at different percentages. T,he c
ontaminant 
was selected to be crude oil (ASTM grade No. 6). Kaolinite clay ·was selected as 
the soil medium. The formula for percentages of the three compone
nts, namely 
soil, cont~minant and additive were varied to achieve a systematic 
variation in 
,.,, 
the measured physical properties. 
Testing and analysis of the physical integrity of the stabilized mate
rial is 
presented. The measured properties are unconfined compressiv
e strength, 
tensile strength, cohesion, internal 
I 
friction angle, density, durability, 
permeability and some chemical analysis of the leachate coll
ected from 
permeability testing. The laboratory study demonstrated that a 
mixture of 
lime, cement and attapulgite clay gave the best results. 
1 
I 
1.1 Introduction 
Chapter 1 
Introduction 
< J 
In the United States, there are several million underground storage tanks 
of various sizes containing petroleum products. It is estimated that up to 25%
 of 
these tanks are leaking petroleum liquids in the ground [EPA a 89]. 
Amendments to CERCLA (Comprehensive Environmental Response, 
Compensation and Liability Act) in 1986 show increased recognition of ·this 
problem. Leakage of· petroleum hydrocarbons in the ground poses signif
icant 
potential hazards to the public and environment. It can be a sourc
e of 
contamination to run off water and groundwater supplies, as well as a cau
se of 
possible adverse affects on plants, fish and wildlife. 
When an. oil spill or a leakage occurs, soils around the source of leakage 
are contaminated'" Some major tasks are needed to be performed for 
remediation of the contaminated area. Removal of the contaminated soil
 is a 
significant part of the overall treatment. However, limitations in the disp
osal 
facilities and receiving landfills complicate this problem. There are emer
ging 
technologies for in-situ clean-up, such as biodegradation or electroki
netic 
removal [Magazu and Carberry 89, Khan et al 89]. However, they are either 
long term processes or currently at the development stage.. An economical
 and 
beneficial solution seems to stabilize .and solidify the excavated contamin
ated 
· soil and render it a suitable material for reuse. 
2 
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The reuse of stabilized material in an environmentally safe and 
technically sound way is an attractive solution to waste management problems. 
· Another benefit of this would be the availability of economical substitu.tes for • 
. conventional construction materials . 
.. 
1.2 Objective • 
The objective is to stabilize hydrocarbon contaminated soil to render it 
suitable for reuse. In the process the hydrocarbon is encapsulated and binded in 
a monolithic solid of high structural integrity formed by the cementing and 
. ""'·-
conditioning action of pozzolanic and earthen materials. The end product is 
desired to be ch·emically and physically stable and . easy to handle for 
construction purposes. In this thesis work was concentrated on demonstrating 
the physical integrity of the stabilized material. Detailed explanation of testing 
procedures and analysis of the test results are therefore presented. 
1.3 Report Outline 
In this thesis, chapter 2 presents the problems related to petroleum 
contaminated soils and the general remedial technologies. Ch.apter 3 describes 
stabilization techniques that may be used for organic wastes remediation. 
Factors effecting the stabilization, and the chemical reactions that might result 
are also described in that chapter. A section is included in which the 
geotechnical properties of stabilized products are discussed. Chapter 4 presents 
the double layer theory in clay microstructures with the possible mechanisms 
that may effect the results obtained. The material used ·and the testing 
procedures are described in chapter 5. Chapter 6 presents the results of the 
" 
,, ,. research and analysis of the test results. Chapter 7 contains the conclusion
s 
inclu·ding recommendations for future research. Tables, figures and references 
3 
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follow the main body of the thesis. 
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.,. Chapter 2 
Petroleum Contaminated Soils 
2.1 The Problem 
Different types of petroleum hydrocarbon products are consumed by our 
society, on daily basis, at enormous volumes. According to the American 
Petroleum Institute, the daily average consumption of gasoline in the United 
States approaches 500 million _gallons [USDE 87]. Despite the best efforts of 
both the petroleum industry and the regulatory community, it is inevitable that 
there are releases, leakages or spills fro_m containment facilities. It is estima:ted 
that up to 2·5o/o of the underground storage tanks used for storage of· petroleum 
. 
. 
products are leaking petroleum liquids in the ground [EPA a 89]. 
Most petroleum hydro.carbons are considered immiscible with water, 
therefore, they are primarily transported in the unsaturate.d or vadose zone in 
the soil. However gasoline-range hydrocarbons contain significant quantities of 
certain compounds which are partially soluble in water. Some of these 
compounds are carcinogenic and they are EPA listed hazardous waste 
components (e.g. benzene, toluene, xylenes). The presence of such compounds in 
the subsurface environment posls a significant health hazard to ·the public and 
the environment. 
. ' . I 
- 1 --
Once a spill or a leakage occurs, the hydrocarbon liquid, under gravity, 
will move downward to the groundwater, partially saturating the soil in its 
path. The degree of saturation will depend upon the contact angle between the 
liquid and the soil particles, as well as the physical and chemical properties of 
5 
; 
the soil itself. Upon reaching the groundwater table, the liquid will spread 
· ·. horizontally by migration within the capillary zone. 
At this stage there are three major tasks that need to be performed for 
remediation and reclamation of' the contaminated area. The first is the control -~ 
. of horizontal migration of the contaminant away from the spill or leak source; 
the second is the cleanup of the groundwater; and the third is the cleanup of the 
contaminated zone of soil. 
In general, cleanup of the groundwater contaminated with gasoline-range 
hydrocarbons consists of pumping water from a well and removal of the floating 
material. Cleanup of hydrocarbon contaminated soils are usually more 
complicated. Partially hydrocarbon saturated soil can be a persistent source of 
contamination of groundwater for decades as water percolation from the surface 
or groundwater table fluctuation. promotes migration of the more soluble 
compounds. 
Also it has been found that significant concentration of petroleum 
by-products in soil permeates PVC water piping and contaminates drinking 
water. A documented accident in Santa Ana, California shows that excessive 
I 
·j 
concentrations of oil leaking in the soil from a gasoline station had permeated 
an adjacent store's water supply line [Hills 89]. 
Another important problem is the laterally or vertically migration of 
·vapors from petroleum contaminated soils and its collection in the underground 
utility vaults, sewer lines, and basements, which creates a serious fire or 
explosion hazards.· One case history is reported in New Castle County i11 
Delaware [Bross and Allen 90]. Therefore, cleanup or removal of· the 
.1 
i• . ,- . 
6 ) ' 
contaminated soil is a significap.t part ·of the overall remediation action. 
2.2 Applicable Remedial Technologies 
In general, remedial technologies ip.ay be divided into two categories: in 
situ treatment and non-in situ treatment. In situ treatment refers to treatment 
of soil or -J'oundwater in place. Non-insitu refers to treatment of the 
contaminated soil· or groundwater at another location. Each treatment niethod 
can be subdivided within these categories as follows: 
In situ technologies: 
• volatilization 
• biodegradation 
• electrokinetic application 
• leaching and ch~mical reaction 
(J 
• vitrification 
• • passive remediation 
• isolation/containment 
Non-insitu technologies: 
• land treatment 
• thermal treatment 
• asphalt incorporation 
• solidification/stabilization 
• groundwater extraction and treatment 
• chemical extraction 
• excavation 
7 
! . 
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Another way to classify the treatment methods for oil contami
nated soils 
may be as follows: 
• physical treatment 
• chemical treatment 
• biological treatment 
• thermal destruction 
• stabilization and solidification 
2.2.1 Physical Treatment 
Physical treatment processes utilize physical characteristics 
to se.parate 
contaminants from an environmental matrix without chemic
ally transforming 
or solidifying the contamination. Such processes inclu,de:. 
phase change, 
dissolution, adsorption, and ionic, size, and gravity separation. 
Some phase change technologies have been successfully dev
eloped for 
recovery of volatile or·ganic compounds from soil. Phase cha
nge technologies 
include: vapour extraction, air and stream stripping, and distil
lation [Hoag et al 
90]. 
Hydrocarbons are often ·attenuated on clay surfaces by adsor
btion. For 
example, when an advanced front is retained by clay lenses, of
ten ·only a minor 
product layer forms over the groundwater table. If the soil is co
ntaminated with 
gasoline-range hydrocarbon liquids, made up of mixt
ure of volatile 
hydrocarbons, the liquid state of the hydrocarbon remains in 
equilibrium with 
its vapor state. If t4e soil can be ventilated, more of the liquid
 state would pass 
into vapor state and theoretically the soil can be eventually 
decontaminated. 
However, with increasingly strict air pollution regulations, t
hese technologies 
require capture or treatment of volatilized compounds by othe
r methods. The 
8 
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• 
permeability of the soil and the presence of water are two major limiting factors 
in accomplishing this type of remediation. 
Dissolution extraction t~chnologies include soil flushi or washing with 
solvents such as water, surfactants, organic solvents, and critical fluids. 
Because many of these solvents themselves pose environmental hazards, 
extraction technologies, typically, have been developed for applic.ation in off~site 
reactor vessels. 
.. 
Another drawback for this method is when the contaminated mateJials 
contain small amount of toxic organics at levels that will make these ·types of 
remediation not onlyvery expensive, but sometimes ineffective. 
2.2.2 Chemical Treatment 
In comparison with physical treatment, chemical treatment technologi~s 
transform the contaminant chemically into less toxic or ha-zardous compounds. 
Chemical treatment technologies include oxidation, hydrolysis, and 
de-halogenation. 
Many chemical technologies which are suitable for treatment of · 
contaminated soils are in the development stage or may employ off-site reactor 
vessels. Potential limitations of chemical treatment methods include 
interference by waste impurities, incomplete chemical reactions, and formatio11 
of toxic chemical by-products. 
2.2.3 Biological Treatment 
A petroleum hydrocarbo~ either degrades or remains unaltered in soil. 
Degradation comes about by microbial metabolism in which the hydrocarbon 
may be oxidized to carbon dioxide, water, microbial biornass and humus. 
9· 
Biodegradation of petroleu.m hydrocarbon has been well documented in the 
literature [de Kreuk 86, Soczo and Vischer 87]. The several dozens of species of 
microbes that effect the degradation are naturally present in all soils [Bossert 
and.J3artha 84]. 
The rate of biodegradation can be highly variable depending upon the 
organic compound and environmental conditions such as temperature and levels 
of moisture, oxygen and nutrients. However, it is known that the rate of 
subsurface degradation is slow, usually due to lower concentration of oxygen 
. and smaller populations of .microbes. Nonbiodegradable additives such as lead 
will remain urtaltered which is a source of a potential hazard. 
2.2.4 Thermal Destruction 
~ 
Originally, thermal treatment of soils has been tried in the USSR and 
Romania by heating the soil to more than a 1000° Celsius. The soil is treated 
in-situ by burning gas or liquids in boreholes under pressure [Litvinov 
60, Litvinov et al 61]. Different methods of burning fuel in boreholes have been 
tried. Thermal stabilization has also been used in Romania to stabilize 
embankments, deep cuts and slopes [Beles and Stanculescu 54] and to increase 
the bearing capacity of existing structures. 
Technologies fo:r;1the thermal destruction of organic contaminants in soil 
' 
raise material temperatures to about 800 to 1600° Celsius. At this temperature 
range, the contaminant molecules disintegrate and recombine with constituent 
· elements to form sta.ble, nonhazardous compounds. · Thermal treatment 
technologies include:· incineration, pyrolysis, molten salt, infrared, and plasma 
arc pr~esses. 
10 
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2.2.5 Stabilization/ Solidification 
In comparison with the other four technology areas, stabilization and 
" 
solidification technologies bind contaminated materials within a relatively inert 
solid matrix. This technique reduces or prevents volatilization, leaching and 
improves material handling capabilities [AWES 82, EPA b 86]. Depending upon 
the material that is immobilized, the resulting matrix may be suitable for 
general backfilling, landfilling or other types of reuse. 
2.3 Suggested Solution 
The study presented in this thesis has been intended to deal with one 
aspect of remediation, namely, stabilizing the excavated contaminated soil to 
render it a useful material and thus, provide an economical and beneficial 
solution to the problem of cleanup of petroleum contaminated soils. 
The stabilization method applied to petroleum contaminated soil is 
anticipated to bind the hydrocarbons in a structure formed by the cementing 
and conditioning action of pozzolanic and earthen materials. The end product is 
expected to be chemically and physically stable and mechanically handleable to 
be reused in construction projects. 
2.3.1 Reuse of Stabilized Material 
The stabilized material can be recomme-nded for reuse in the following 
capa_cities depending on the physical and mechanical properties of the material: 
• Base courses and sub.base courses in highway construction 
• Embankments 
• Structural Backfill 
• Barrier systems 
/"' \ 
. \ 
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The critical physical properties that need to be determined for each one of 
these applications are permeability, unconfined compressive strength, 
durability, density and index properties such as plasticity, and water content. 
Each construction may require additional information to design the structure., 
' 
however these can either be determined experimentally on case by case basis, or 
estimated from existing empirical relationships between various parameters. 
This thesis deals only with testing and analysis of the physical integrity of 
the stabilized material. However, leachate from short term water permeation of 
the product was also tested for presence of hydrocarbons. 
,, 
12 
Chapter.3 
Stabilization/Solidificatio-n 
3.1 Definition 
The field of stabilization and solidification has begun to mature into an 
accepted environmental technology. Pushed by regulations that essentially 
\,·· 
mandate its use for many wastes, it is becoming a standard unit process in 
liquid and hazardous waste treatment and disposal. 
Originally, . the term stabilization had been used to describe the 
pretreatment processes before solidification, like the addition of lime to sewage 
' 
to halt biological processes and reduce odor. Later, a general definition 
describes stabilization as a modification of the material to detoxify its waste 
constituents which may or may not result in improved physical properties of the 
material. More recently, the Environmental Protection Agency [EPA d 86] has 
defined stabilization and solidification as follows: 
Stabilization refers to those techniques that reduce the hazard potential ·' 
of a waste by converting the contaminants into their least soluble, mobile, or 
.. 
toxic form. The physical nature and handling characteristics of the waste may 
or may not necessarily be changed by stabilization. 
Solidification refers to· techniques that encapsulate the waste in a 
monolithic solid of high structural integrity. The encapsulation may be of fine 
waste particles (microencapsulation) or of a large block or container of wastes 
' 
(macroencapsulation). Solidification does not necessarily involve a chemical 
13 
·i . 
• 
• 
interaction between the wastes and the solidifying reagents, but may 
mechanically bind the waste into the monolith. Contaminant migration · is 
restricted by vastly decreasing the surface area exposed to leaching and/or by 
isolating the wastes within an impervious capsule. 
In this thesis, when the term stabilization, solidification or fixation is 
used, it is referred to a waste treatment which produces the combinoed effects of: 
• encapsulation of pollutants. 
• improvement of physical properties. 
• reduction of solubility and mobility of the toxic substances. 
3.2 Techniques 
There are a number of solidification/ stabilization techniques used in the 
industry for different types of waste materials. . Each solidification / 
stabilization process is formulated to be compatible with the specific waste 
constituents. They can be divided into the following groups: 
1. Cement-based techniques 
2. Silicate-based techniques 
3. Sorbent techniques 
4. Thermoplastic techniques 
5. Organic polymer techniques 
In this study, the first three types of techniques are used. The 
cement-based technique involves a series of well known pozzolanic or 
cementation reactions which produce compounds that act as natural cement. 
" 
Fly ash and Portland cement are examples of additives in this technique. 
14 
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Silicate-based technique covers a wide range of methods in which the 
siliceous material is mixed with other alkaline earths such as lime or gypsum. 
Silica and alumina required for reactions are found in many typical clay soils. 
Although these processes are generally used to stabilize inorganic wastes, they ,, 
have been shown to stabilize organic and oily wastes effectively [Spencer et al 
82, Pancoski et al 88, Pamukcu et al (a) 89, Van Keuren et al 87]. The 
solidification processes using silicate based materials generally involve 
pozzolanic reaction between Si02, Al20 3, Fe20 3 and available calcium in lime or· 
gypsum. These reactions produce very stable calcium silicates and aluminates 
which act as natural cement similar to Portland cement. • 
The sorbent technique involves the use of certain clay minerals with high 
specific surfaces to fix and retain hydrocarbons molecules. This retention can 
take place on the outer or inner surfaces of clay minerals. The needle-like 
. 
.. ~ 
structured attapulgite clay is an example. It is composed of three-dimensional 
double chain structure with high surface area and sorptivity, and very low swell 
and cation exchange potential. 
The product of all these techniques is a micrencapsulated matrix in which 
the hydrocarbon components are bound by a combination of physic.al and 
chemical isolation. These hydrocarbon components would essentially be fixed or 
·.;, .. 
immobilized in this matrix which would restrict internal fluid movement. If the 
stabilized material is soil like, a degree of mechanic:al stabilization, such as 
compaction, may be necessary to ensure low density and formation of a more or 
· less uniform matrix. 
15 
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3~3 Factors Affecting·Stabilization 
In general, the following physical properties of the wastes· attribute and 
effect the stabilization and solidification process: 
Particle Size and Shape .. The characteristics of particles in waste are very 
I 
important properties of the stabilization and solidification treatment. They 
strongly affect viscosity, and therefore, the handling properties of the waste. 
Particle attributes such as size, shape and surface area affect both the physical 
and chemical aspects of solidification process, and the properties of the final 
product. 
Solids Content. The total amount of solids in a stabilized system affects 
both the setting and curing process, and the physical properties of the end 
products. This is due to two ·factors: (1) the solids, including the additives, may 
settle down, leaving a two-phase system that is generally undesirable, and (2) 
the final product may be weak mechanically, and thus unsatisfactory for ~ny 
disposal or reuse. 
Specific Gravity or Density. Large differences between the physical 
properties such as size, density or specific gravity of the waste and the additives 
J 
may result in a tendency toward phase separation. However, this problem is 
less likely in the stabilization and solidification of soils, dusts or filter cakes. 
These wast~s often require the addition of water for proper mixing, so the 
system can be controlled to prevent phase separation. 
Viscosity. Viscosity is .an important factor. Gel wastes can be quite 
··y 
difficult to stabilize. A rough classification of viscosity categories is given as 
follows: 
16 
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• Liquid: pumpable materials with very low suspended solids. 
• Pumpable: fluid/$or sludge usually around 15-20% solids. 
I 
• 
• Flowable: not pumpable, but flows and usually releases free water. 
• Nonflo_wable: like soils and filter cakes. 
) 
Mixing. This is a critical element of any stabilization and solidification 
process. The effects of mixing on the final chemical and physical properties of 
-
the stabilized solid are important. Although ideally all hazardous wastes sh.ould 
.. 
. . 
be mixed and reacted with the stabilization / solidification agent, it has been 
shown that even under ideal laboratory conditions, complete mixing is hard to 
achieve [Tittlebaum et al 86]. Fluid wastes such as low-solids sludges are 
usually easiest to mix, while sticky sludges and filter cakes are the most 
difficult. Soils, solid particulates, and granular materials fall in between. 
Temperature and humidity. These two factors are very important to take 
into consideration. ( For best cementitiou~ reactions, the temperature should be 
maintained above 27° Fahrenheit. Ambient humidity in the curing area must 
r 
be kept high if the product is to cure properly, because fast evaporation ,of water 
from the surface will inhibit or stop solidification. 
3.4 Organic Reactions 
There is indication that reactions may .occur between some organics and 
the inorganic, cementitious stabilization reagents in use. However, it has been 
difficult to determine whether the results are· due to sorption effects, dilution by 
_/ 
reagent additions and the leachant, volatilization of volatile and semivolatile 
constituents, or true chemical reactions. •. 
17 
The number of organic reactions that might occur in hazardous waste 
treatment is almost infinite. In practice, however, inorganic stabilization and 
solidification systems operating at ambient temperatures and pressures can 
produce only relatively·few reaction schemes. The most likely reactions fall into 
four categories:- hydrolysis, oxidation, reduction, and salt formation . 
..:~ 
I 
Hydrolysis: 
Hydrolysis refers to the reaction of a compound with water. This usually 
results in the exchange of the hydroxyl group OH- for another functional group 
at a reaction center. Hydrolysis m·ay be catalyzed by acidic or basic species 
(OH-, H+ or B39+) and may involve intermediates. According to Dragun 
[Dragun 88], the hydrolysis of a chemical RX is usually expressed as: 
RX + H20 --------- ROH + HX 
Oxidation: 
A number of oxidation reactions are shown in Table 3-1. Oxidation, along 
with hydrolysis, is probably the most common reaction for organics in 
stabilization/ solidific.ation systems. 
Organics oxidation reactions have been catalyzed for many years in the 
chemical industry by crystalline aluminosilicates it elevated temperatures and 
pressures. Recently, it has been recognized that this catalysis also occurs at 
ambient temperature and pressure with clays and soils, not only in oxidation, 
but in reduction, hydrolysis, and neutralization reactions. Iron, aluminum, and 
trace metals within the layered silicate minerals have been identified as the 
specific catalysts [Dragun 8~]. In general, many substituted aromatics undergo 
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Table 3-1: Some Possible Oxidation Reactions in Solidification Systems 
Reactants 
Oxidation 
Phenol+ 14H20 2 + Fe+2 
R-CH3 
R-CH20H 
RCHOH - CHOHR' 
R-CHO 
R2CH2 
~CH(OH) 
R3CH 
R3CH + HCR'3 
R2N - H + H - NR' 2 
RCH = CHR' 
2R-SH 
R - S - S - R' 
·· Products 
6 CO2 + 17H20 
R-COOH 
R-COOH 
R- COOR+ R'- COOH 
. R-COOH 
R2CO 
~co 
R3C(OH) 
R3 - C - C - R'3 
~N -NR'2 
RCHOH - CHOHR' 
R-S-8-R 
R'S03H + RS03H 
Taken from J. Am. Water Works Assoc. 57(4) 
oxidation, like benzene, benzidine, ethyl benzene, naphthalene, phenol and 
others among the organic priority pollutants. 
Reduction: 
Reduction for organics is defined as an increase in its hydrogen content or 
decrease in its oxygen content. There is also reduction defined in terms of 
electron transfer: an organic chemical is said to be reduced if it experiences a 
net gain of electrons. Reduction can also occur in clay systems. 
Salt Formation: 
Many organic compounds react easily with metals and other cationic 
species to form less soluble salts. This may be the cause of the changes in 
morphologies and electron diffr.action patterns in cement matrices. as observed 
by Chou [Chou et al 88]. In Chou's study, changes in cement matrices were 
observed with the addition of ethylene glycol and p-bromophenol that could not 
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correlate the data with any expected products of hydration of cement itself. The 
only explanation was salt formation·. 
1 
3.5 Geotechnical Properties of Stabilized Product 
There are a number of geotechnical parameters used by regulatory 
agencies to assess performance of stabilized solidified wastes. Among these 
parameters are unconfined compressive s.trength, permeability, compressibility, 
durability, index properties and density. 
Physical testing is conducted on the waste before and after stabilization to 
demonstrate the relative success or failure of a particular process. It can 
provide insight on the ongoing cementation or pozzolanic reactions. Unconfined 
compressive strength is often a good indicator of the integrity of the solidified 
material, its trafficability and . degree of ease of ~andling and placement . 
. 
Furthermore, unconfined compressive strength measured before and after a 
mechanical improvement, such as compaction or preloading, may also provide 
information on the effectiveness of these methods in some solidification 
processes. Compressibility an4 degree of saturation are also good indicator 
parameters to assess long-term behavior and effectiveness of improvement 
methods. 
For purposes of comparison, unconfined"" compressive strength of lime 
stabilized natural soils ranges from about 170 kPa to as much as 10,0.00 kPa, 
depending on the nature of soil, amount ,of additive, and conditions of curing 
[TRB 87]. Freshly prepared solidified material from liquid containing 
concentrated brine, has been shown to attain 24 hour strength ranging from 50 
kPa to 150 kPa with increased lime content [Myers 86]. The 24 hour strength of 
compacted solidified FGD sludge using SFT Terra-Crete process is on the order 
q 
20 
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of 140 kPa, where its 28 day strength is about 2000 kP·a [Valiga 82]. Iri another 
study~ 8% oil sludge contaminated material stabilized with 30% cement reaches 
a 28 day strength of 825 kPa [Cullilane and Bricka 88]. These values indicate ., Q 
the variability of the products of·various processes involving different waste 
materials but similar additives for solidification . 
• 
Permeability is a parameter used to minimize potential groundwater 
contamination. The value of k=l0-6 cm/sec pertains to a median value for low·
 
permeability clay soil systems. Studies conducted on mean conductivities of 
pure compacted clays of water permeability of 10-
8 cm/sec, showed marked 
increases to hydrocarbons, such as xylene, heptane and ethylene [Anderson and 
Brown 81]. However, in some other studies [Tuncan 89], permeability of marine 
clays was slightly reduced with the addition of fuel oil. Most .solidification 
processes result in material permeability,_ of 10-5 to 10-
6 cm/sec [EPA c 89]. 
\: 1 ' 
'' '\ 
These numbers can be reduced further if the material is "soil like", or granular 
and would undergo volume compression under pressure. For materials which 
set up fast and form a continuous crystalline matrix, application of pressure 
'may have little or no effect. It may also result "in crushing the matrix under 
high compactive or compressive efforts. . In such cases, compression or
 
compaction may be done when the material is in semi-solid state. Addition of 
additives such as absorbent clays or other cementatious products may result in 
reduction of the excess liquid in these mixtures. The additives take up the pore 
space thus increase the density and reduce the permeability of the material. 
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Clay Microstructure 
4.1 Basic Clay Structure 
Clays minerals are formed from a -combination of two fundamental 
structural units. One is a tetrahedral configuration and the other is an 
octahedral configuration. 
The tetrahedral configuration consists of a centrally located silica atom-
. ! 
between four oxygen atoms arranged in a tetrahedral shape. This combination 
can be repeated indefinitely to form a tetrahedral sheet. 
The second basic unit is the octahedral unit formed by a central atom such 
as aluminum or magnesium surrounded in an octahedral configuration by 
oxygen atoms.. Like the tetrahedral sheets, these octahedral units form 
continuous sheets. 
4.2 Atomic And Molecular Forces 
The forces holding the atoms and molecules within a clay mineral are 
classified as primary and secondary bonds. 
Primary Bonds 
Two types of primary bonds are found in clay minerals: ionic and covalent. 
Ionic bonds are the results of attraction between oppositely charged ions. 
However, most ionic bonds exhibit partially covalent and partially ionic 
characteristics. 
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Secondary Bonds- · 
' 1 
The secondary bonds are much weaker th,an -the primary ones. They are 
,? 
dipole boJ?.ds with specific dipole force identified as a hydrogen bond. Another 
secondary bonding is caused by van der Waals' forces. These forces can result in 
molecular bonding that is generally weaker than the dipole forces. However 
different from the dipole forces, the van der Waals' forces can result from polar. 
or nonpolar molecules. 
4.3 Clay Minerals 
Clay minerals are formed by stac_king the basic structural unit sheets in a 
variety of arrangements. The mineral types are gener~lly classified by their 
unique combination of octahedral and tetrahedral sheets. 
If the mineral consists of one octahedral sheet and one tetrahedral sheet, 
it is known as 1:1 clay mineral. An example is kaolinite. In a similar way, clay 
minerals which consist of a combination of two tetrahedral sheets and one 
octahedral sheet to form a single layer are known as 2:1 minerals, like illite. 
The third major clay type is known as 2:1:1 mineral and consists of the basic 2:1 
unit with an additional octahedr.al layer alternating with the 2:1 layer. An 
example is attapulgite. 
The three main clay mineral types are also subdivided into· groups and 
. 
. ! 
subgroups depending primarily on the character of their octahedral sheet. . 
4.4 Diffuse Double Layer 
The clay layers, made up of tetrahedr·al and octahedral sheets, often carry 
a net negative charge as a result of substitutions of certain cations within the 
) sheet structure. 
. ' 
. \· ' 
IP' 
This negative charge, resulting from the isomorphous 
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substitution of· cations by less positive cations is often balanced by c_ations 
located on the layer surf aces. 
When the clay is in the presence of water, these compensating cations 
have a tendency to diffuse away fro-m the layer surface. Similarly, anions at 
higher concentrations at a certain distance away from the clay surface have a 
~ 
tendency to diffuse in toward the layer. The tendency of the cations and anions 
to be attracted and repelled by the clay surface and diffuse away from or toward 
the surface give rise to the term "diffuse double layer". 
In a static environment, the diffuse double layer has a constant charge 
which is largely d.etermined by the type and degree of isomorphous substitutions 
/ 
and the resulting net negative charge in the mineral layers. 
Several theories on how the distribution of ions within the double l~yer 
can be analyzed. The most widely applied model in geotechnical engineering is 
the Gouy-Chapman Model. The Gouy-Chapman theory quantifies this 
distribution through an equation for the double layer thickness. From that 
equation, Lambe presented a list of variables in the soil water system which 
affects colloidal stability [Lambe and Whitman 69]. These factors are: 
• electrolyte concentration 
• ionic valence 
• dielectric constant 
• temperature 
• size of hydrated ion 
•pH 
• anion adsorption 
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4.5 Soil Fabric 
Based upon the interaction of clay minerals and the accompanying diffuse 
double layer, definitions of different types of soil fabric have evolved_. 
A dispersed soil structure is dne in which the net electrical forces between 
adjacent particles at the time of deposition produced repulsion. If these 
interparticle forces are net attractive duri'ng deposition, the soil structure is said 
-
to be flocculated. Therefore, flocculated structures are those in which particles 
tend to join together, whereas dispersed structures are those in which particles 
tend to move apart. 
The Gouy-Chapman model indicates that the tendency toward flocculation 
is increased by decreasing the double layer thickness. Corresponding to the 
~ 
decrease in the double layer thickness is a decrease in the in terparticle 
repulsion force. Conversely, the tendency toward dispersion increases as the 
double layer thickness increases. 
It has been discussed that a flocculated "cardhousff" arrangement of clay 
particles suggests higher stiffness, brittle mode of deformation, and higher 
permeability due to the open fabric and collapsed double layer [Pamukcu et al 
(b) 90]. Using the same logic, a dispersed parallel arrangement of particles 
should suggest lower stiffness, ductile mode of deformation, and lower 
permeability due to the swollen double layer. 
. . 
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5.1 Materials 
Chapter 5 
Materials and Testing 
The following materials were used in all the testing experim
ents. 
Kaolinite clay was the soil representative medium. Crud.e oil
 was the 
contaminant, and the additives were: portland cement, lime, fly ash, a
ttapulgite 
clay and gypsum. 
5.1.1 Kaolinite Clay 
Georgia kaolinite clay was utilized in all the .tests as the soil mate
rial. 
This was because clays tend to retain hydrocarbons and their ph
ysical and 
chemical properties appear to be effected more than the other cons
tituents ,,of 
'\ J ,• 
soil. 
Ka.olinite clay is a product of weathering of felspathic rocks, as well as
 the 
weathering of the more active clay· minerals, such as montmorillonit
es or illites. 
Its structural unit consists of alternating layers of silica tetrahedra wi
th the tips 
embedded in an alumina octahedral unit. This alternating of silica an
d alumina 
layers produces the 1:1 basic unit. Its formula is (OH)8Al4Si40 10. Kaolinite has 1 
strong bonding combination of hydrogen and van der Waals forces re
sulting in 
more strength and stability than other types of clays. 
5.1.2 Fuel Oil 
In general, petroleum products like fuel oil are complex mixture
s of 
hydrocarbons. ·Hundreds of compounds can be identifietl in a typic
al fuel oil. 
Each compound has different physical and chemical. characteristics th
at control 
26. 
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the behavior of oil. In this thesis, the contaminating petroleum product was 'fuel 
'· 
,, 
oil grade No. 6 known as crude oil. It was obtained from Sun R&M refineries in 
····· Philadelphia. It is known as Gullfaks crude oil from the North Sea. Its specifi
c 
gravity was 0.8783 and It has slight volatile characteristics; therefore it did not 
require special precautions to preserve its stability during and after mixing with 
soil. 
5.1.3 Additives 
Cement 
The cement used was portland cement Type II. The common raw • 
materials from which it is made are limestones, clays or shales. It is finely 
powdered and grayish in colour and its basic formula contains 63% CaO, 22% 
Si02, 6% Al20 3, 3% Fe20 3, 3o/o MgO, plus other oxides. Por
tland cement is one 
of the most widely used and successful stabilizer of inorganic soils. However, it 
is known that organic matter may interfere with the cement hydration and 
weaken the treated mixture [Clare and Sherwood 54, Lamb 62, Meyers et al 76] . 
. l 
Lime 
Lime used was the commercially available hydrated lime. Its formula is 
Ca(OH)2. In general, lime is produced from natural limestone and can v
ary in 
composition depending upon parent material and production process. The 4 
basiG types of lime are: 
High-calcium quicklime--------------- CaO 
Dolomite quicklime--------------------- CaO + MgO 
Hydrated high-calcium lime --------- Ca(OH)2 
Monohydrated dolomite lime-------- Ca(OH)2 + MgO 
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The addition of lime to fine grained soil in the presence of water initiates 
several reactions. Cation exchange and flocculation will cause immediate 
improvement in most of the soil properties. Also a soil lime pozzolanic reaction
 
may occur to form various cementing agents [TRB 87]. 
Fly Ash 
Fly ash is a powdere·d by-product of the coal combustion process. It is 
composed of very fine particles,: the majority of which are glassy spheres, and 
the remainder of which are crystalline matter and carbon. Fly ash is primarily 
composed of silica Si02, alumina AI20 3, ferric oxide Fe20 3, and various
 other 
·. oxides and alkalies. The fly ash used in all the experiments ·reported here was
 
bitumi.nous fly ash (Class-F), rich in carbon and black in colour. High carbo11 
content in fly ash is known to effectively inhibit pozzolanic activities( and lower i' 
the fly ash stabilization effect [Meyers et al 76]. 
,, 
. . 
Gypsum 
Gypsum is calcium sulfate hemihydrate known as Plaster of Paris. Its 
formula is CaS04.1/2 H20. Gypsum is known to have favorable pr
operties in 
stabilizing clays and its exothermic reaction is effective with organic clays 
.[Kujula and Nieminen 83]. 
Attapulgite Clay 
Attapulgite Clay was obtained by crushing Palygorskite shales from 
Florida to No. 200 sieve size. It has a three-dimensional chain crystalli11e 
structure which resembles bundles of needles. Its large surface area gives its 
sorptive properties. Extrusion and heat treatment during processing can 
produce a better adsorptive structure. Attapulgite clay has low swell and cation 
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exchange potential and does not appear to be subject to property changes and · 
flocculation with variations in adsorbed water. Its il,asic fo
rmula is 
5.2 Testing 
5.2.1 Samples Preparation 
The intent of the testing is to find out how much improvem~ent 
can be 
accomplished in the contaminated soil by treatment with additive
s. All of the 
soil specimens were thoroughly mixed, by hand using a spa
tula, at the 
predetermined optimum water content before adding the oil and t
he additives. 
The water used was local (Bethlehem) tap water. The optimum moisture 
content of 10% oil contaminated soil was found to be 27% at a m
aximum dry 
unit density of 13.0 KN/m3. Soil mixed at that water content was
 then mixed 
thoroughly with 10% fuel oil by'dry weight of the soil. Then the c
ontaminated 
soils were treated with various percentages of additives. 
The contaminated soil was then divided into a number of sets. Ea
ch set 
was treated separate.ly with one additive, initially, such as: lim
e, portla11d 
cement, fly ash, attapulgite clay and gypsum. The additive amoun
t was varied 
as 5, 10 and 20% by dry weight of the soil. Some of the sets were tre
ated with a 
combination of these additives. 
~.2.2 Unconfined Compressive Strength 
Unconfined compressive strength testing was conducted in acco
rdance 
with the specifications given in ASTM D2166-85. Samples pre
paration was 
' 
done in accordance with the ASTM D1632-87 specifications us
ing Harvard ·. 
Miniature Compaction apparatus to compact soil mixtures. The specim
ens were 
7.2 cm in height and 3.3 cm in diameter. Half of all the duplicat
e· specimens 
-'"" __ :__ _____ .,.,, 
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were tested directly, while the other half was kept in an air-tight container for " 
seven-day curing. 
5.2.3 Tensile Strength 
' 
Tensile strength was determined by using the unconfined penetration test 
procedure described in ASTM STP 740 [Fang and Fernandez 81]. It consists of 
using two steel disks or punches centered on the top and the bottom surface of a 
cylindrical specimen prepared by the same method used for the unconfined 
-
compressive test. A vertical load is then applied on the disks until the specimen 
splits along its vertical axis or reaches a failure ,strain. 
5.2.4 Atterberg Limits 
Atterberg limits tests were performed on -both the unstabilized / 
unsolidified and freshly stabilized / solidified material. The liquid limit of soils 
was conducted utilizing the Standard Test Method for Liquid Limit of S.oils, as 
~-
defined by ASTM D4318-84. Equipment utilized for these tests w~s as 
described in the reference test procedure and consists primarily of a Liquid 
Limit device, a grooving tool,containers for moisture content, a balance and a 
spatula. The Liquid Limit device utilized for these. studies was a manually 
operated device . 
. The equipment utilized to determine the plastic limit and plasticity index 
is also specified in the ASTM D4318-84. It consists of an evaporating dish, 
spatula, a ground glass plate surface for rolling, weighing containers and a 
balance. 
'' 
' 
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5.2.5 Moisture Content 
The method utilized for laboratory determination o
f moisture content of 
soils necessary for the calculations of the liqui
d and plastic limit was a 
modification of the ASTM D 2216-80. The moistur
e content of soils is a ratio 
expressed as a percentage of the weight of water in
 a given mass of soil to the 
weight of solid particles. It is determined by tak
ing the weight of water 
removed by drying the moist soil to a constant 
weight in a drying oven 
controlled at 110 ± 5.° Celsius. The weight of the s
oil after oven drying, is the 
l· weight of solid particles. However, since our samp
les contained water and fuel 
oil, a s.eries of initial calibration water content
 te1sts were conducted to 
determine the percentage of fuel oil evaporation
 at 110° Celsius. It was 
determined that about 50% of all the total evaporatin
g fluid at 110° Celsius was 
fuel oil. An adjusted amount was deducted from the dry soil to acc
ount for the 
rest of the fuel oil and to obtain the total weight of so
lids. 
5.2.6 Cohesion · Internal Friction Angle 
Cohesion and internal friction angle were esti
mated by using an 
' ., 
approximate method of plotting the tensile and comp
ressive strengths on Mohr's 
circles as shown in Figure 7. It is known howev
er, that the Mohr-Coulomb 
',, 
failure envelope may be curved at higher normal s
tress values and therefo11 e, 
the data obtained is approximate and it is used only 
for comparison purposes. 
5.2. 7 Durability 
Durability testing helps to determine the resista
nce of a .stabilized / 
solidified waste to degradation due to external env
ironmental stresses. It -is 
conducted in accordance with the Standard Test
 Method for Freezing and 
Thawing Test of Sqlid Wastes as defined by ASTM
 D4842-88. Seven molded 
samples were cured in moist containers for 28 days
. One sample was selected 
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for moisture content determination. Three· samples were then subjected to 
testing and three were used as control samples. The testing consists ·of 
. alternate storage of a specimen in a freezer (-20° C) and in a beaker in distilled 
water at room temperature, followed by weight measurement after each cycle. 
Each storage time lasts 24 hours. The freeze-thaw is repeated for a total of 12 
cycles or until the weigh loss of the specimen exceeds 30 percent at any cycle. 
5.2.8 Permeability 
Permeability tests are performed to estimate the quantity and flow rates 
of water through a granular material under saturated conditions. Falling head 
permeability test was conducted in accordance with the EPA Method 
91·00-SW846 usin.g Lehigh University Triaxial Permeability System [Eva~ns and 
Fang 86]. A general_ view of this system is shown in figure 12. In this test, a 14. 
cm high and 7 cm i:ri diameter specimen is sealed in an impermeable membrane 
and placed in a triaxial compression chamber with confining stress. Platens on 
the top and bottom of the specimen are connected throu·gh tubing to air-free 
water. The water is differentially pressurized to create a head difference across 
the specimen and to force an. upward flow through the s.pecimen. · The 
permeability tests on the stabilized/ solidified specimens were conducted under 
a confining stress of 170 kPa and a pressure difference of 30 kPa. 
5.2.9 Oil content analysis of leachate 
The quantity of oil in the leachate collected from short term permeation of 
the samples, was determined using the 5520-B Partition-Gravimetric Method as 
described in the Standard Methods for the Examination of Water and 
, Wastewater handbook [Standard Methods 89]. This method primarily consists 
of extracting the oil from the water by dissolving it in trichlorotrifuoroethane, 
and then collecting it after evaporating the solution at 70° Cel$ius. This method . 
32 
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was used to compare leachable oil from the treated and untreated wastes. 
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Chapter 6 
Discussion of Results 
6.1 Unconfined Compressive Strength 
The unconfined compressive strength of oil mixed soil i§ significantly 
lower than that of the uncontaminated soil. This can be observed from Tab
le 1. 
'; 
The same trend can also be observed from Figure 1 where the stress st
rain 
curves indicate a significant loss of stiffness and softening of the soil 
with 
,. 
increasing percentage of oil. 
In general, the overall strength of the soil mass is mainly the result of
 
relative sliding between particles. With the introduction of fuel oil,
 the 
interparticle sliding is higher and the resistance to load is lower which re
sults 
in the observed loss of stiffness and softening of the soil. 
When the 10% fuel oil contaminated soil is treated with the additives, 
there is a general increase in the strength values, especially for the 7 day c
ured 
( 
. 
) 
specimens. Table 2 indicates that increased addition of lime or cement cre
a)tes 
/ ( 
marked increase in t.he strength: values which is even higher than the stre
ngth 
of the soil without contamination. 
\..<y 
F.ly ash alone was not effective and. its 
contributio·n to strength is evident only with additions at high percenta
ges. 
Even so, this contribution is small. This may be because of the type of fly
 ash 
that was used which is poor in calcium oxide, CaO, and rich in car
bo11. 
Attapulgite clay and gypsum increased strength when added at percent
ages 
1 . 
higher than 10. 
. , ' 
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A number of other combinations of additives were tested, and the best 
strength values were achieved with the addition of 10% cement plus 10% lime · 
plus 5%- attapulgite clay. These results are p;resented in Table 3. 
The stress strain curves for cement treated contaminated soil shows 
increase in the stiffness of the material. The soil becomes more brittle and less 
deformable as can be observed from Figure 2. The same phenomenon is a1so 
evident with lime treated contaminated soils, specially with the cured 
specimens (Figure.3). Attapulgite clay and gypsum have the same effec·t at high 
percentages (Figures 4 and 5 respectively). 
The large increase in the strength values specially with the addition of 
lime, can be due to the flocculation and agglomeration effect of Ca++ ions. 
Cation exchange in the diffuse double layer of the clay minerals, by Ca++ ions 
will decrease the thickness of the double laxer and thus increase the tendency 
for flocculation and agglomeration of the clay structure. Another reason for this 
increase in strength values might be the possible formation of links between the 
clay minerals caused by the (OH)- or CaOH+ ions. 
The addition of lime at high percentages (20%) results in better strength 
values than the addition of cement at the same percentage. This is due to the 
fact that organic matters such as fuel oil delay the pozzolanic reactions, and 
'. 
may inhibit them. 
Since these tests were performed on kaolinite clay as the representative 
\ 
soil medium, all compressive strength values reported here are expected to be on 
the lower side of ,,what might be for real soils. Most real soils might contain 
granular material that would increase their shear strength. 
' 
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6.2 Tensile Strength 
l-
The tensile strength is determined by performing the
 unconfined 
penetration test. The results are given in Tables 1, 3, and 4. 
It is shown that 
the tensile strength decreases in a similar manner a
s the unconfined 
compressive strength when fuel oil is a~ded to the soil. T
ensile strength is 
• 
reduced to about 10% of its original value when 20% fuel oil 
is added (Table 1). 
This value is significantly increased with the addition of lim
e and cement, and 
the addition of attapulgite clay and gypsum at higher per
centages. Fly ash 
increases the tensile strength slightly when the material 
is cured (Table 4). 
Also a combination of additives increases the tensile stitength
, and similar to the 
unconfined compressive strength the best results were o
btained with lOo/o 
cement plus 10% lime plus 5% attapulgite clay (Table 3). 
6.3 Index Properties 
Atterberg or consistency limits are useful fo·r classific
ation of the 
stabilized material and they provide correlation with 
a broad range of 
engineering properties. 
Table 5 shows that with the addition of fuel oil, the· plasticity
 of the 
material is increased, mainly because of the increase in liquid
 limit. This can be 
expected since fuel oil mixtures are kn.own to retain high am
ount of water, due 
to the capability of oil particles to displace water ·molecule
s from within t.he · 
hydrated clay microstructure. 
When 10% fuel oil contaminated soils are treated with 10% o
f each of the 
additives separately, except lime, plasticity index was reduce
d. Addition of lime 
increased the plasticity only· slightly, but increased the liqu
id and the plastic 
limit significantly. This may be attributed to overuse of lim
e which has been 
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shown to cause increase in plasticity of soils when used at high percen
tages 
[TRB, 87, Arman and Munfakh 72]. 
Another reason for this might be that saturation of kaolinite with 
di-valent cations like Ca++ favours electrostatic attraction between po
sitive 
edges and negative clay faces leading to a flocculated particle arrangem
ent. 
This arrangement will result in a higher liquid limit because of the gr
eater 
amount of water entrapment within the void spaces of the structural units.
 
The combination of 10% cement plus 10% lime plus 5% attapulgite clay 
lowered the plasticity index, eventhough the liquid and plastic limits 
were 
increased slightly (Table 5). 
Each limit test was repeated 3 times for confidence. It was noticed that 
the variation of these limits for the contaminated unstabilized materia
l was 
high. When the material was stabilized and tested again the variation red
uced 
significantly. This can be due to the fact that fuel oil - a non· polar fluid 
- does 
not mix with the soil water thoroughly and thus com.plicates the measurem
ents 
of the consistency .or Atterberg. limits. This would affect the repeatabil
ity of 
these measurements. 
However, when stabilizing agents are introduced, the hydrocarbons may 
get bound in a matrix of solidified structure, as expected, and therefore d
o not 
necessarily influence the consistency of the material and thus
 its 
measurements. Figure 6 shows the bands of variance of the liquid limit v
alu.es 
measured for untreated mixtures, single additive mixtures and one mu
ltiple 
additive mixture with highest strength. 
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6.4 Cohesion - Internal Friction Angle 
The values of cohesion and internal friction angle reported in this th
esis 
are approximations used for comparison purposes. The variation in c
ohesion of 
the soil with single additive treatment is shown in Figure 8, where th
e cohesion 
-values are normalized by_ the cohesion of the uncontaminated unt
reated soil. 
Attapulgite clay, lime and cement produces significant increase in th
e cohesion 
of the contaminated soil which has reduced to 25% of the original valu
e with the 
addition of fuel oil. Gypsum increases the cohesion at higher perc
entages of 
.. ' 
addition (20%), while fly ash does not exhibit any effect. 
Figure 9 illustrates the variation of friction angle with the additives. 
The 
drop in the friction angle is not as substantial as the cohesion with 
addition of 
fuel oil. Friction angle of 10% fuel oil contaminated soil is further re
duced with 
the addition of additives at small percentages (on the order of 5% by dr·y 
·weight). However, at higher percentages of additives, it increases. · This is 
particularly evident with lime. In all cases, the change in the intern
al friction 
angle is small when compared to the changes observed in cohesion. 
6.5 Density 
Dry density is the ratio of the· dry weight of the mixtures to the 
total 
volume. When fuel oil is added, dry density is reduced, which ind
icates that 
some of the particulate material is displaced with oil when pre
paring the 
specimens. However, with different percentages of additives, the dr
y densities 
are increased. This is most evident with addition of cement. These 
results are 
. 
. 
. 
presented in Figure 10. 
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6.6 Coefficient of permeability 
Hydraulic conductivity or permeability is a measure of the resistance of a
 
material to the passage of water. It is an important factor in stabilized w
astes, 
since it indicates the potential ability of the material to limit the los
s of a 
contaminant from the stabilized area to the surrounding environ
ment. 
Kaolinite clay permeability was low at 5.2 x 10-
8 cm/sec. When 10% fuel oil is 
introduced, permeability is slightly increased, as expected. However, wh
en the 
mixture was stabilized with different additives, permeability was decreas
ed to a 
value even lower than that of the clay itself. The lowest permeability 
values 
were obtained when 10% cement plus lOo/o fly ash, or when 10% cemen
t plus 
10%lime plus 5% attapulgite clay were mixed with the contaminated soil. 
Table 
6 summarizes these results. 
6.7 Durability 
Durability testing is a way to evaluate the effect of externa
l 
environmental stresses on the stabilized material. It is often a 12 cycle fr
eezing 
and thawing process, at .the end of· which, percent material loss is mea
sured. 
Since very few materials can withstand the full 12 cycles, an alternate m
easure 
can be a comparison of the results pertaining to different stabilized mixtu
res. 
In this study, durability results of 5 different mixtures are presented. 
Results are summarized in Table 7. The base material was the 1
0% oil 
contaminated soil. The first set of tests was for the contaminated soil
 alone. 
The second set was lOo/o lime treated soil and the third set was treated wi
th 10% 
lime plus 5% cement plus 5% fly ash. All these sets of samples failed durin
g the 
first cycle. 
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The fourth set of specilriens con.tained 10% cement plus 5% fly ash. These
 
specimens survived 5 cycles of freeze-thaw with an average cumu
lative 
corrected relative mass loss of 8.2%. 
The fifth set of specimens were treated with 10% cement plus 10% lim
e 
'plus 5% attapulgite. clay. These specimens failed at the fifth cycle w
ith an 
average cumulative corrected relative mass loss of 6.5%. 
• 
The moisture content of all the specimens at preparation was 27%. A no
te 
about the samples that lasted few cycles is that when failure occurred
, it was 
along one of the crack planes, while the parts in between were rigid and
 clearly 
t .. 
solidified. The crack planes are expected to have been created by the 
layered 
co.mpaction procedure during sample preparation. Therefore, they sho
uld not 
necessarily be viewed as internal material flaws with respect to the stabi
lization 
process. The water that enters these cracks induces volume change and
 brings 
about the failure observed after a few cycles of freeze-thaw. Figures 13, 
14, and 
15 show the photographs of a s·pecimen of the fifth set (10% cement plus lOo/a 
lime plus 5% attapulgite clay), before testing, after the second cycle, and after 
the fourth cycle before breaking up, respectively .. 
6.8 Oil Content Analysis of Leachate 
Leaching tests are important for the evaluation of the performance
 of 
most stabilization/ solidification techniques. The leachates collected fro
m sho1 .. t 
.. 
:".,, 
-
term permeation of four different specimens were analyzed for oil conten
t. 
The base material was 10% fuel oil contaminated soil. Its leachate o
il 
content was found to be 380.0 mg/1. When the mixture was treated w
ith 10% 
cement, oil content in the ~te dropped to 106.6 mg/I. The third sam
ple was 
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treated with 10% lime and the oil content in the leachate was found to be 51.0 
mg/1. However, the lowest concentration of oil in the leachate was found when 
the contaminated soil was treated with 10% cement plus 10% lime plus 5o/o 
attapulgite. That concentration was 25.8 mg/1, which is approximately 93% 
, improvement over the unstabilized soil. The results indicate that the cementing 
and pozzolanic reactions work to binding the hydrocarbons in a monolithic and 
solid matrix. 
6.9 Proposed Mixture For Reuse as a Construction Material 
In general, it was found that most physical properties are improved when 
the 10% oil contaminated soil was treated with 10% cement plus 10% lime plus 
/ 
, 
5% attapulgite clay. Also the oil content of the leachate was significantly 
reduced when this combination was used. Table 8 summarizes these 
improvements. It appears that the improvement of the results is due to the 
simultaneous effect of the cementing, pozzolanic and sorbent reaction of the 
additives. 
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Chapter 7 , 
Conclusions 
' / 
The following conclusions are drawn from the work presented in this 
thesis: 
1. Fuel oil reduces, significantly the strength, stiffness and increases the 
plasticity of clay soils, even at low percentages of its addition. 
2. Lime and cement produce marked increase in the strength parameters 
of fuel oil contaminated soils. Attapulgite and gypsum increase the soil strength 
at higher percentages of their addition. Bituminous fly ash was not beneficial 
when used alone. A number of other combinations of additives increased the 
strength of the soil. The best results were obtained when using the mixture of 
-.. 
10% cement plus 10% lime plus 5% attapulgite clay as additives. 
3. Curing time is important for the .strength parameters. 7 day curing for 
the stabilized material nearly doubled the initial strength values for most of the 
mixtures tested. 
4. Plasticity of the stabilized material is reduced. Only the addition of 
lime at high percentages showed slight increase in the plasticity index. 
However, when the same percentage of lime is mixed with cement and 
attapulgite clay, the· plasticity of the contaminated material is reduced. The 
large variability in the liquid limit determination with contaminated soils 
reduced significantly when the soils were stabilized. This can be an indication 
of the entrapment of the oil in a solid matrix and thus its lessened influ.ence on 
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liquid. limit measurements. 
' 
5. Dry unit weight of the contaminated soil increased with addition of 
lime, fly ash, gypsum, attapulgite clay and reached a maximum value 
with 
cement. 
6. Fuel oil contaminated material stabilized with a combination of cement 
and fly ash showed good signs of durability to freeze / thaw tests. Al
so a 
combination .of cement, lime and attapulgite clay as additives appeare
d to 
improve the durability of the material with respect to other mixtures. 
The 
failures appeared to be caused by the discontinuities created by the compa
ction 
during sample preparation. 
7. Permeability was slightly increased with addition of fuel oil. It was 
reduced with the addition of either lime, cement, a combination of cement
 and 
fly ash or a combination of cement, lime and attapulgite clay. 
8. Oil content in the leachate was reduced with the addition of either 
lime, cement or a combination of lime,cement and attapulgite clay. 
9. In general, best results were obtained when treating the contaminated 
soil with the following combination of additives: 10% cement plus 10% lime 
plus 
5% attapulgite 1ay. This was probably due to the contribution of three diffe
rent 
.- -· 
types of stabjlization / solidification processes represented by each additive. 
The reuse of stabilized fuel oil contaminated soils appear to be a viable 
.method of resource recovery and may produce economics in the c.onstru
ction 
industry. All of the tests conducted showed improvements in the phy
sical 
characteristics of the stabilized material. However, more research is neede
d 011 
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the assessment of the long term chemical integrity of the end products to 
conclude in favor of the proposed approach. 
Finally, based on the results obtained from the extensive physical tests 
and limited chemical tests of the stabilized systems tried in this work, it is 
recommended that a mixtur-e of--additives possessing :gozzolanic, cementing and_. 
sorptive capabilities to be used to stabilize oil contaminated soil. It appears that 
such a combination, as was utilized in this study by mixing cement, lime and 
attapulgite clay at trial percentages, produces a product with the most favorable 
physical characteristics for reuse capacity, when compared to other combination 
of additives. 
Obviously, there needs to be more research to obtain the optimum 
.,. 
percentages of these additives to get a cost effective product with the desired 
physical properties. The long term leachate quality analysis is essential. The 
leaching of the material for up to 3 pore volume space with fluids of different pH 
values as well as neutral pH water shm1ld be considered as the extension of this 
work. The final recommendations for ~~use capacities of the stabilized material 
can be made only when such a study is completed. 
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Tables 
' 
Table 1: Unconfmed Compressive and Tensile Strength 
Data for the Contaminated Soil 
Kaolinite 
Kaolinite+ 5% Fuel oil 
Kaolinite+ 10% Fuel oil 
Kaolinite+ 20o/o Fuel oil 
45 
ucs 
(kPa) 
100.2 
59.2 
21.8 
11.9 
. " 
r 
TS 
(kPa) 
5.5· 
2.7 
1.1 
0.5 
t 
1···· '- $ 
: " 
Table 2: Unconfined Compressive Strength (UCS, kPa) Data 
for Stabilized 10% Fuel Oil Contaminated Soil 
UCS, (kPa) 
5o/o Additive lOo/o Additive 20o/o Additive 
Stabilizing agent Fresh Cured* Fresh Cured* Fresh Cured* 
Lime 24.7 50.1 44.8 97.4 109.4 162.9 
Cement 49.7 94.5 52.6 112.8 75.2 145.9 
Fly ash 16.9 29.6 19.2 36.5 24.7 48.6 
Attapulgite 18.4 30.9 37.3 55.1 75.2 92.0 
Gypsum 17.0 39.5 32.1 45.3 55.9 88.9 
* 7 days 
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Table 3: Unconfined Compressive Strength and Tensile Strength D'ata 
for Stabilized 10% Fuel Oil Contaminated Kaolinite Clay 
Stabilizing agents 
10%L+ 1 Oo/oF A 
10%C+5o/oF A 
15%L+5o/oFA 
I0%L+5o/oC+5%FA 
10%C+10%L+5%A 
I0%C+5o/oG+5%A 
G=Gypsum 
FA=Fly ash 
.... 
C=Cement 
L=Lime 
47 
ucs TS 
(kPa) (kPa) 
52.2 3.5 
42.5 3.0 
83.9 4.0 
95.6 3.6 
115.0 4.7 
75.3 3.2 
A=Attapulgite clay 
( 
' . 
t1 .. 
Table 4: Tensile Strength (TS, k.Pa) Data for Stabilized 
10% Fuel Oil Contaminated Soil 
TS, {kPa) 
5%Additive 10% Additive 20% Additive 
Stabilizing agent Fresh Cured* Fresh Cured* Fresh Cured* 
Lime 2.7 3.4 .J2.7 5.2 3.0 9.8 
Cement 2.7 5.0 .J'> 2.7 6.8 4.0 8.7 
Fly ash 1.1 2.2 1.1 2.7 1.6 3.3 
Attapulgite 1.5 2.5 2.7 3.8 5.0 4.5 
Gypsum 1.6 2.5 1.6 3.8 3.5 4.6 
* 7 days 
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Table 5: Atterberg Limits for Contaminated and Treated Soil 
Specimen 
K 
K+5%FO 
K+10%FO 
K+20o/oFO 
K+10%F0+10o/oL 
K+l0%F0+10%C 
K+lOo/oFO+l0%FA 
K+10o/oF0+10%G 
K+10%F0+10%A 
K+10o/oF0+10o/oC+10%L+5%A 
A=Attapulgite clay 
K=Kaolinite clay 
FA=Fly ash 
FO=Fuel oil 
G=Gypsum 
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LL 
50.8 
55.1 
70.9 
76.5 
90.5 
68.0 
62.8 
66.5 
76.0 
75.0 
PL 
31.6 
31.3 
33.2 
26.9 
51.2 
35.8 
33.1 
35.5 
41.0 
45.0 
L=Lime 
C=Cement 
PI 
19.2 
23.8 
37.7 
49.6 
39.3 
32.2 
29.7 
31.0 
35.0 
30.0 
. ' 
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I 
/ 
Table 6: Permeability of Contaminated and Stabilized Soil 
Specimen 
K 
K+10%FO 
K+10o/oFO+IO%L 
K+lOo/oFO+lOo/oC 
K+ 1Oo/oFO+10%L+5o/oC+5o/oF A 
K+10o/oFO+I0o/oC+5%FA 
K + 1 Oo/oFO+ 1 Oo/oC+ 1 Oo/oL+5%A 
A::Attapulgite clay 
K=Kaolinite clay 
FA=FLyash 
50 
k x lOE-8 (cm/sec) 
5.2 
9.3 
1.9 
1.5 
0.47 
0.96 
O.S5 
C:Cement 
L=Lime 
FO=Fuel oil 
... 
.. 
.. 
----· ..... 
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Table 7: Freeze-Thaw Durability Results 
Specimen 
K+10%FO 
treated with 
10%L 
Moisture 
Content, 
(o/o) 
27 
27 
10o/oL+5%C+5%FA 27 
10%C+5%FA 27 
10%C+10%L+5%AT 27 
K=Kaolinite clay C=Cement 
FO=Fuel oil L=Lime 
FA=Fly ash AT=Attapulgite clay 
" 
Number 
of 
Cycles 
1 
1 
1 
6 
5 
Average Curnmulative 
Corrected Relative 
Mass Loss, ( % ) Remarks 
-
total deterioration 
-
total deterioration 
-
total deterioration 
8.2 •· failure along horizental 
crack planes 
6.5 failure along horizental 
crack planes 
" 
' 
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Table 8: Some Properties of the Suggested Mixture Compared 
with the Untreated Contaminated Soil 
Suggested Mix 
(10%C+10%L+5%AT) 
UCS, (kPa) 115.0 
TS, (kPa) 4.7 
LL,(%) 75.0 
PL,(%) 45.0 
PI,(%) 30.0 
Density , (g/cm3) 1.S3S 
C/Csoil 0.65 
0/0soil 1.06 
Freeze-Thaw 
durability,(# of cycles) 5 
Oil content in leachate (mg/I) 25.8 
52 
Untreated Soil 
(K+10%FO) 
21.8 
1.1 
70.9 
33.2 
37.7 
1.471 
0.25 
0.98 
1 
380.0 
.. ' 
; 
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Figures I' 
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Figure 1: Variation of Unconfined Compressive Strength and 
Stress-Strain Relation with Oil Content 
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Figure 2: Variation of Unconfined Compressive Strength and Stress-Strain 
Relation with Increased Percentage of Cement as Additive 
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Figure 3: Variation of Unconfined Compressive Strength and Stress-Strain 
ll , Relation with Increased Percentage of Lime as Additive 
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Figure 4: Variation of Unconfined Compressive Strength and Stress-Strain 
Relation with Increased Percentage of Attapulgite Clay as Additive 
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Figure 5: Variation of Unconfi11ed Compressive Strength and Stress-Strain 
Relation with I11creased Percentage of Gypsum as Additive 
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TS ucs 
Figure 7: Schematic Representation of.the Procedure for Estimating Cohesion 
c, and Internal Friction Angle 91, Using Mohr's Circle Analysis 
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Figure 8: Variation of Normalized Cohesion of 10% Fuel Oil Contaminated 
Soil with Increased Percentage of Additives 
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Figure 9: Variation of Normalized Internal Friction Angle of 10% Fuel 
Oil Contaminated Soil with Increased Percentage of Additives 
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Figure 10: Variation of Density of 10% Fuel Oil Contaminated 
Soil with I11creased Percentage of Additives 
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Figure 11: Unconfined Compression Machine Used in Testing Strength 
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Figure 12: Lehigh University Triaxial Permeameter 
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Figure 13: Specimen Stabilized with 10% Cement, 10% Lime and 
5% Attapulgite Clay before Durability Testing 
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Figure 14: Specimen Stabilized with 10% Cement, 10% Lime and 
%5 Attapulgite Clay after the Second Cycle of Thawing 
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Figure 15: Specimen Stabilized with lOo/o Cement, 10% Lime and 
%5 Attapulgite Clay after the Fourth Cycle of Thawing 
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